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Abstract
Polarization effects on quantum states in InN/GaN quantum wells have been investigated by
means of ab initio calculation and spectroscopic ellipsometry. Through the position-dependent
partial densities of states, our results show that the polarization modified by the strain with
different well thickness leads to an asymmetry band bending of the quantum well. The quantum
levels are identified via the band structures and their square wavefunction distributions are
analyzed by the partial charge densities. Further theoretical and experimental comparison of the
imaginary part of the dielectric function show that the overall transition probability increases
under larger polarization fields, which can be attributable to the fact that the excited quantum
states of 2h have a greater overlap with 1e states and enhance other hole quantum states in the
well by a hybridization. These results would provide a new approach to improve the transition
probability and light emission by enhancing the polarization fields in a proper way.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
Recent years have witnessed the immense developments of
the Inx Ga1−x N system in the field of semiconductor physics
and in the use of semiconductor materials for optoelectronic
devices, due to its wide band gap from 0.7 to 3.4 eV at room
temperature over the whole range of the composition [1]. State-
of-the-art Inx Ga1−x N materials have been mainly implemented
in a quantum well (QW) structure as the core of highly
efficient optoelectronic devices [2, 3]. Nonetheless, the role
of polarization effects on quantum states in InxGa1−xN QWs is
still unclear.
Extensive theoretical efforts have been devoted to
achieving a thorough understanding. The conventional
approach based on effective mass theory, with a controversial
empirical parameter, and referred to as ‘model’ theory, helps
to simplify the problem in describing the QW and is widely
used at low computational cost [4]. Previously, limited
information has been given, mainly due to the fact that there
are several complex periodic or quasiperiodic potentials in the
quantum well and barrier as well as the polarization field,
resulting in a much more complicated situation. An in-depth
understanding requires the self-consistent determination of the
electronic structure. Therefore, it is worthwhile to elucidate the
functional role of the polarization on quantum states.
In this work, we investigate the polarization effects
on quantum states in different thick InN/GaN QWs by
ab initio simulation and spectroscopic ellipsometry (SE). The
band profile variation along the [0001] polarized direction
in the atomic level are unraveled by arranging the partial
densities of states (DOS) of each atom. The quantum
levels in different polarization fields are identified and their
optical transition possibilities are analyzed by calculating the
imaginary part of the dielectric function ε2 for polarization of
light parallel to the c axis. To verify the theoretical prediction,
the simulation models are materialized by metal organic
vapor phase epitaxy (MOVPE). The dielectric function ε2 is
characterized via SE measurement and the role of polarization
fields on the optical properties in the QWs is discussed.
2. Computational and experimental details
The geometry structures of InN/GaN QWs with different well
thicknesses, crystallizing in a wurtzite lattice, are constructed
with a periodic supercell composed of 1 × 1 × 16 arrays of
primitive cells, as shown in figures 1(a) and (b). The different
wells with 2 and 3 monolayers are labeled as QWI and QWII,
respectively. In addition, the InN well is assumed to be fully
strained to barrier GaN. The volume and shape of the supercell,
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Figure 1. Band profiles and geometry structures of InN/GaN
QWI (a) and QWII (b). For band profiles, the x-axis represents the
atoms arranged along [0001] direction; the y-axis represents the
energy; yellow, red and blue colors correspond to PDOS of s, p, and
d, respectively.
as well as the internal positions of atoms, are initially defined
by the parameters of GaN, which is close to the practical
in epitaxy growth systems, and allowed to be simultaneously
relaxed to equilibrium. Bulk GaN and InN are also calculated
for comparison.
The DFT based calculations are implemented by means
of the Vienna ab initio simulation package (VASP) [5, 6],
employing the pseudopotentials specified using the projector
augmented wave (PAW) method [7]. Ga 3d and In 4d electrons
are treated as part of the valence band. The electronic
wavefunctions are expanded in a plane wave basis with a cutoff
energy of 500 eV. Integration over Brillouin zone is performed
using an 8 ×8 ×8 Gamma centered Monkhost–Pack mesh [8].
The Davidson-block iteration scheme is applied to optimize
the energy of the electronic state until the stopping criterion
of 0.1 meV is fulfilled. Structural optimization is carried
out by relaxing all degrees of freedom using the conjugate
gradient algorithm and the total energy is converged within
1 meV for all the systems. After the relaxation, the optimized
lattice constants for the bulk GaN and InN are a = 3.213 Å,
c = 5.238 Å and a = 3.577 Å, c = 5.791 Å, respectively.
These results agree quantitatively well with the published
results [9, 10] within 1%, which further qualifies the reliability
and accuracy of the data.
Experimentally, two samples, involving eleven periods
of InN/GaN QWs with different well thicknesses (denoted
as EQWI and EQWII, respectively), are grown on a 3 μm-
thick GaN base layer by MOVPE (Thomas Swan 3 × 2′′
CCS) using the precursors trimethylindium, trimethylgallium,
and ammonia. The temperature in the growth of QWs is
730 ◦C with a pressure of 300 Torr. The well thicknesses for
EQWI and EQWII are 0.3 and 0.7 nm, as determined by x-
ray diffractometer (XRD, Bede QC200). The SE (UVISEL
FUV 200) data are acquired at room temperature to study the
dielectric function of the InN/GaN QWs.
3. Results and discussion
To start with, the optimized wurtzite lattice constants a
of the InN well for QWI and QWII are 3.242 Å and
3.247 Å, corresponding to −16.8% and −18.3% excess
volumes, respectively. These large displacements would
lead to piezoelectric polarization and greatly affect the
orbital overlaps of the atoms and band structures across the
well and barrier. Under this constraint, we find that the
total macroscopic polarizations for the QWI and QWII are
0.699 and 0.743 C m−2, as calculated using Berry’s phase
method [11, 12]. The strain-induced polarization is obviously
greater in QWII because the lattice constant of the GaN barrier
deviates more significantly away from the bulk GaN due to the
stronger misfit stress of a thicker well.
By means of arranging the partial DOS of each atom
along the [0001] direction in sequence (i.e., position-dependent
partial DOS), we propose a way [13, 14] to track the band
profile of the QWs in real space, as shown in figures 1(a)
and (b). It can be observed that a downward band bending
occurs in the well. Moreover, the valence band (VB) shifts up
and the conduction band (CB) drops down in the well, which
breaks the mirror symmetry of the QW and further leads to
the formation of a triangular potential. Electrons and holes
are prone to be confined in these triangular potentials and
separated at the opposite sides of the well. Also, the reduced
overlap between the electron and hole wavefunctions results
in a corresponding reduction in absorption and luminescence,
which is known as the quantum confined Stark effect [15].
On the other hand, there are asymmetric potential barriers
for the well. The CB and VB barrier heights at GaN/InN and
InN/GaN interfaces are inequivalent, i.e. the potential barrier
close to one interface is lower than that of the other, as shown
in figure 1. On close inspection, the contribution to the CB and
VB edges in barriers is predominantly sourced from 2s and
2p states of N atoms, respectively. In the well, it is different
in the CB edge near the Ga terminated interface where the sp
character of N atoms is prominent.
The more distinct band bending in QWII is obviously
attributed to the larger polarization rooted in the smaller space
for In atoms in view of atomic structures. Moreover, it is
interesting to note that the bonds of In atoms adjacent to
the Ga terminated interface are shorter than those near the
N terminated interface and lead to the asymmetric barrier
height. The available space for In atoms at the Ga terminated
interface in QWII is smaller, which enhances the coupling
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Figure 2. CB (top) and VB (bottom) of InN/GaN QWI and QWII
around  and A points.
between cations and anions and the hybridization of states.
This indicates that the quantum states in QWII at the site of
a lower barrier will have more chance to extend into the barrier
region.
The electronic transitions in QWs depend on the related
quantum levels. Figure 2 depicts the band structures of the
QWs. Although the calculated band gap is underestimated,
the underestimation in DFT is a uniform downward shift
of all conduction bands for insulating and semiconducting
systems [16] and it is reliable to predict the band structures
of nitride semiconductors [17, 18]. It is observed that the
calculated bands exhibit a strong dispersion in the kx and
ky direction, which is similar to the bulk material. By way
of contrast, along the high symmetry lines from  to A
in the Brillouin zone corresponding to the [0001] direction,
i.e. the localized dimension in QWs, the band structures are
dispersionless near the band edge, which reflects the features
of the quantum levels. Based on the calculated barrier
heights in figure 1, these dispersionless discrete energy levels
are confined within the QWs and therefore identified as the
quantum levels, which agrees with the classic view.
In QWI, it is shown that the well size allows one quantum
level in the CB, denoted as 1e, due to the higher conduction
levels are dispersive. The number of quantum levels are greater
in the VB. No quantum level splitting into heavy holes (hh) and
light holes (lh) is observed for the 1h and 2h or for other excited
levels near VBM. In QWII, with a thicker well, the quantum
level 1e shifts distinctly down 0.2 eV. As a result, the band gap
becomes narrow and deep, agreeing with the classical view.
Moreover, the quantum level 1h slightly splits into 1hh and 1lh
and is accompanied by a upshift of 2h and the appearance of a
3h level, which is attributed to the lower symmetry after adding
1 monolayer into the well.
The transition probability is generally proportional to
the overlap between the wavefunctions of related states. To
Figure 3. The partial charge densities for the quantum states
restricted to the –A of the Brillouin zone in QWI (a) and QWII (b).
The light dashed lines represent the envelope and the filled area of
the curve reveals the local maximum. The related insets are
schematic diagrams of optical transitions.
understand the wavefunction distributions, the partial charge
density profiles of the quantum levels are employed to visualize
the distributions of the associated square wavefunction.
Accordingly, the 1e, 1h and 2h levels have come into focus. It
shows that the charges distribute around the N atoms and form
the peaks at the N sites, which correlates with the previous
observation that the VB edge is sourced from the N states. To
simplify its complexity, the envelope of the charge densities
representing a low resolution shape is employed to explain the
trend. In QWI, the charge envelope related to the 1e quantum
level at CBM distributes near the N terminated interface and
drops dramatically out of the well, as shown in figure 3(a).
With regard to the 1h level at VBM, the charge envelope
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Figure 4. The ε2 for light polarized parallel to the c axis in different QWs. (a) is the calculated results of QWI and QWII, (b) and (c) are the
experimental data for EQWI and EQWII, respectively. The thresholds of the relative transitions are marked out by dashed line.
concentrates at the Ga terminated interface of the well. The
charge envelope of the 2h level appears as a double-hump
structure in the lower barrier out of the well. The extension
length into the barrier is about 5.0 nm.
For QWII, the 1e charge remains at the N terminated
interface. The charge envelope of the split level 1hh is
still localized at the Ga terminated interface, while the 1lh
charge envelope becomes more delocalized and extends into
the barrier by about 4.3 nm. Obviously, the larger polarization
fields in the thicker well have a significant influence on the
1lh charge due to its light effective mass and lower activation
energy. With respect to QWI, the 2h charge in QWII moves
towards the well and results in one of its local envelope
maxima confined within the well, while the other remains out
of the well, distributing about 3.6 nm in the lower barrier.
Additionally, the 3h states distribute in a large area of the
barrier besides in the well. It is more interesting to note that
there are three local maxima for the 3h and two of them reside
at the sites of the 2h local charge maxima. It is noticeable that
the larger polarization induced by the thicker well will lead
to the maximum of 2h charge being much closer to 1e states
and thus bringing about a sufficient overlap between 2h and
1e states from the variation of the quantum levels and their
charge distributions. Interestingly, the 2h charge states meet
with the 1hh, 1lh and 3h local states in the well at the same
place, as shown in the filled area in figure 3(b), which implies
strong hybridization between the hole quantum states. Since
all these local maxima are related to the 2p orbital of N atoms
on the basis of the band profiles mentioned above, the strong
hybridization enhances the overlap between the hole quantum
levels and 1e states. Therefore, stronger polarization fields will
increase the transition probability between hole and electron
quantum levels.
The transition probability of the QW is investigated
through the calculation of the imaginary part of the dielectric
function ε2 for a polarization of light parallel to the c axis.
The spectra are commonly characterized by step absorption
in the gap region of GaN, as presented in figure 4(a). The
initial absorption of QWI is higher than that of QWII, which
agrees well with the band gap discrepancy between QWI and
QWII. The difference between QWI and QWII is manifested
by three absorption thresholds in QWII, one more than that
in QWI. Based on the transition energy between quantum
levels in figure 2, two primary optical transitions are intimately
involved in QWI. The absorption threshold is mainly derived
from the 1h–1e transitions along the –A. The other absorption
at the energy of ∼0.7 eV above the threshold is assigned to
a 2h–1e transition, agreeing well with the energy difference
of 0.7 eV between the 2h and 1h quantum levels. In QWII,
the absorption threshold is composed of the 1hh–1e and 1lh–
1e transitions, which overlap each other due to the small
energy difference between them. The transition involved
in absorption at the energy of ∼0.4 above the threshold is
similarly assigned to a 2h–1e transition. Additionally, an
absorption at the energy of ∼0.6 eV above the threshold is
significantly recognizable, which exactly matches to the 3h–
1e transition. These results indicate that the polarization fields
modified by the well thickness will significantly influence the
absorption lineshape as well as the threshold. It is significant
to note that the intensity of ε2 in QWII is higher that in QWI,
which suggests that with a larger polarization field in QWII the
greater overlap between 1e and 2h states as well as other hole
quantum states in the well is induced by the hybridization.
The imaginary part ε2 of the dielectric function is further
measured by SE and the lineshapes are compared with the
calculated data to verify the above results, as shown in
figures 4(b) and (c). The spectra are taken at an incident angle
of 86◦ to approximately satisfy the polarization of light parallel
to the c axis. For energies below the absorption threshold,
Fabry–Pérot interference occurs, suggesting a smooth interface
between the well and barrier and the high quality of the
QWs. By comparing the experimental lineshapes with
the calculation, it is evident that the number of transition
singularities obtained by SE is the same as the theoretical
prediction. The lineshapes of the threshold agree well with
the calculation despite the energy difference, due to the
energy values calculated by the DFT being smaller than the
experimental one. The discrepancy which appears at the
band edge of the GaN is attributable to the existence of the
excitons in the thick GaN base layer. Nonetheless, the good
correlation of the singularities between the measurement and
prediction demonstrates the validity of our model in describing
the polarization field, the QW, and the transition between
quantum levels. The ε2 in EQWII is observed to be higher
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than in EQWI, which follows the trend of the calculation.
The significant enhancement of ε2 in EQWII confirms that the
polarization field will provide novel ways to potentially boost
the quantum efficiency and light emission in contrast to the
common belief that it will automatically lead to a decline due
to the spatial separation of carriers.
In general, the QWs in optoelectronic devices are
sandwiched between p- and n-type semiconductor layers.
The built-in electric fields induced by p- and n-type layers
are opposite to the direction of the polarization fields in
the InN/GaN QW and further reduce the spatial separation.
Accompanied with the appropriate p- and n-type layers, the 1e
and 2h states would have a chance to maximize their overlaps,
further leading to a higher transition probability and light
emission.
Recently, there is controversy concerning the principle
cause of the efficiency droop at high current injection. The
likely factors, involving defects, current leakage, Auger
recombination, and polarization fields, have come into view.
The former have failed to explain the issue [19]. While in
the case of polarization fields, the 2h–1e transition at high-
injection current will emerge as the dominant transition owing
to a sufficient overlap between electron and hole states, as seen
from the results above and in the literature [20]. However,
the emitted photons might be absorbed by the band edge
transition before escaping, which could rationally account for
the efficiency droop.
4. Conclusions
In summary, with good structural models available, the
study of polarization effects on quantum states in InN/GaN
quantum wells is implemented in the combination of ab initio
calculations and SE measurement. By virtue of the position-
dependent partial DOS, band bending is observed to occur in
the well accompanied by the asymmetric potential barrier due
to the polarization being modified by the strain with different
well thickness. In addition, the CBM and VBM are separated
at the opposite side of the well. The quantum levels in the
different polarization fields are identified by the calculation of
the band structures, and their square wavefunction distributions
are presented by the graphical description of partial charge
densities. It is found that the stronger polarization fields in
the thicker well will enhance the overlap between 1e and other
hole quantum states despite the ground states being subject to
spatial separation. Furthermore, the transition probability of
the QW is discussed theoretically and experimentally in terms
of the imaginary part of the dielectric function. The good
agreement between the theoretical and experimental results
further confirms that the polarization fields are advantageous
for the transition probability due to a sufficient overlap between
the related quantum states. If the QWs are sandwiched between
appropriate p- and n-type layers, the overlap between quantum
states will be maximized so that the transition probability
and the light emission will be increased. With high current
injection, the 2h–1e transition would play the leading role, but
light emission would be limited by the absorption of the band
edge transition. This deeper understanding provides a useful
theoretical guide for the experimental synthesis and assists in
exploiting the full potential of polarization in InGaN QWs.
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